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IAGNOSING and prescribing accurate applications of K fertilizers continues to be critical in production systems based on soils of the tropics where exchange capacity is low because of extremes in weathering and abundance of rainfall. Occasionally, K-fixing minerals are also present where 2:1 clay minerals are abundant. Many tropical crops also have very high K requirements (Lower, 1982; Vilela and Ritchey, 1985; von Uexkull, 1968) . In addition, highly intensive pasture production requires large amounts of K nutrient (Caro-Costas et al., 1960) . The use of decision aids to perform diagnosis, prediction, economic analysis, and recommendation has become an option that may help increase the identification of nutrient responsive situations and to apply site-specific management to accurately prescribe fertilizer requirements (Osmond et al., 2000) . The goal of the work reported in this study was to improve the nutrient use, efficiency, and productivity of maize (Zea mays, L.) production in the maize belt of Thailand through site-specific nutrient management as conducted with decision-aids and soil test kits (Attanandana et al., 1999; Attanandana and Yost, 2003) .
The site-specific nutrient management as described in Attanandana and Yost (2003) and Attanandana et al. (2004a) is a technology oriented toward small farmers of the tropics and proposes the training of farmers to identify their soil series through a simplified, visual decision tree, the use of soil test kits to assess N, P, K, and pH status, and the use of decision aids to estimate fertilizer requirements (Attanandana and Yost, 2003) . The attempt to improve soil K diagnosis and prediction arose from a study involving more than 300 maize growers in 2002 and 2003 (Attanandana et al., 2004b) . The results of that study suggested that, on the basis of sitespecific nutrient management, N and P were often overapplied, whereas K was often underapplied. The project proposed a methodology or algorithm for estimating K requirements that was very similar to that in use in many countries where the target soil levels are used and the reactivity of the soil to fertilizer K is considered. The diagnosis of K sufficiency was based on multiple categories of information, but included data observable by growers (Yost et al., 1992 (Yost et al., , 1999 . The diagnostic step was designed to detect K-responsive conditions. After the identification of likely K-responsive conditions, the prediction of K requirement was based on a more detailed analysis of the soil and crop conditions. This prediction constitutes the site-specific K fertilizer requirement estimate and is further tested by using an economic analysis; finally, it is prepared for the grower in a summary recommendation based on the previous steps of diagnosis, prediction, and economic analysis results, but interpreted so that the farmers can understand and use the results.
The prediction previously described was based on a K algorithm proposed by Attanandana et al. (2004b) that includes terms representing the K removal by the plant, the status of the soil K supply, the reactivity of the soil to added K, and selected management factors, such as depth of fertilizer incorporation and whether stover was removed or not. This algorithm builds on the previous work of Gill and Kamprath (1990) and Dierolf and Yost (2000) . The estimate of the plant K removal is calculated by multiplying the Kpercentage, the percentage of K in the above-ground dry matter, with the amount of above-ground dry matter removed from the field. A critical level of soil K, Kcritical, was also proposed. The soil K status and reactivity are represented by measures of exchangeable K or extractable K for K status and by the buffer coefficient (BC K ) for reactivity of the soil with added K fertilizers. When assembled in equation form, these terms, plus some terms for the effects of management, result in the following equation:
where Kcritical is the critical level of K in the soil using the same extractant used for the measurement of soil K in the field (Ksoil) and that used for the calculation of the BC K . The units are in milligrams per kilogram. Ksoil is the measured soil K level of the specific field using the same extractant used for the calculation of Kcritical and BC K . The units are in milligrams per kilogram.
BC K is the buffer coefficient for K, for the specific soil based on the same extractant used for the Kcritical and the Ksoil measurements. This coefficient is the increase in extractable soil K per unit of applied K. The coefficient is dimensionless but requires similar units of extractable soil K and applied K (e.g., milligrams per kilogram). This coefficient can be estimated from laboratory incubation of about two weeks at a moisture content of field capacity (McLean et al., 1982) .
B.D. is the soil bulk density, 1,000,000 kg (ha-10 cm)
j1 . This term is the bulk density but is expressed as the weight of 1 hectare of 10-cm-deep soil, which is equivalent to 1,000,000 kg if the B.D. is 1.
Application depth represents the depth of incorporation of the fertilizer K. The units are in centimeters.
Placement factor is an estimate of the effect of placement of fertilizer K based on an approximation proposed by de Wit (1953) and adapted for the Phosphorus Decision Support System (PDSS; X. Wang, personal communication, 1998) . This factor is dimensionless.
Biomass is the amount of above-ground crop dry matter removed from the field. The units are expressed in kg (ha-10cm) removal of above-ground crop dry matter is a major determinant of K fertilizer requirement.
Kpercentage is the concentration of K in the biomass that is removed from the field. In Thailand, essentially all of the stover is returned to the field; hence, this percentage should be the percentage of K in the grain. However, in other regions of the tropics, the stover, straw, or other crop residues are removed for domestic or industrial uses. Stover removal is critical and drastically increases K fertilizer requirement (Dierolf and Yost, 2000) . Potassium concentration in the grain varied with soil series; generally, however, the values were near 0.5% (Attanandana et al., 2004b) . The amount of K in stover depends on the amount of rainfall that leaches K out the stover. A value of 1.5% K was measured in stover from two provinces in Thailand. This value can be changed in the software to reflect locally measured values of both the stover and the grain.
Kcritical. The concept that there is a level of soil K above which further applications of K do not further increase the yields has been long standing (Munson, 1982) . Munson (1982) reports ranges in the tropics from 0.11 to 0.45 cmol c kg j1 as exchangeable K (frequently measured by using 1 M ammonium acetate or Mehlich 1). Gill and Kamprath (1990) [Gill, 1988] or 0.18 cmol c kg j1 ) where yields were higher because of a lime treatment (Gill, 1988) .
Biomass K. Because of the large amounts of K removed in crop biomass, the methods that predict K requirement must consider whether the straw or stover is removed. In addition, knowing the amount of K in crop stover or straw is important because it is often much greater than that removed in the grain (Dierolf and Yost, 2000; Gill and Kamprath, 1990) . It was also found that the maize-producing provinces of Thailand differed significantly in average maize yield. The potential yields based on climate variability as estimated by using the Decision Support System for Agrotechnology Transfer, Nitrogen Module software, were as follows:
Lob Buri, 7348 kg ha j1 ; Nakhon Ratchasima, 8927 kg ha j1 ; Nakhon Sawan, 7565 kg ha j1 ; and Petchabun, 6298 kg ha j1 (Attanandana et al., 2004b) . These differing potential yields need to be considered in determining K fertilizer requirements because they will change the K requirement for soils with the same soil test K.
Kreq. The K fertilizer requirement is therefore the requirement of fertilizer K to not only restore the soil K level to the Kcritical level but also to replace the K removed as a result of the cropping. Therefore, when this algorithm is implemented in the PDSS software, the user must indicate whether the stover will be returned to the field or not. The impact on the K requirement is quite large in tropical soils where there is often no excessive amount of soil K (Dierolf and Yost, 2000) .
The purpose of the work reported was to test the model of estimating site-specific fertilizer K requirements (Eq. [1]) in two ways: (i) test the accuracy of the prediction with fieldbased response curves, and (ii) compare the sitespecific fertilizer K predictions with the methods currently in use.
MATERIALS AND METHODS

Field Studies Designed to Test the Proposed K Prediction Model Testing Fertilizer K Prediction Accuracy
Testing the model K predictions was performed using a series of field experiments from 2002 to 2005 (Table 1) . The studies were conducted in selected provinces of the maize belt of Thailand, where a K response had been suspected.
Soils. The soils selected for testing fertilizer K prediction accuracy included loamy sand, clay loam, clay, sandy loam, loam, and a weathered clay soil with low initial exchangeable K contents (Table 1) .
Experiments
Soils from all sites were collected and analyzed for NH 4 OAc K, Bray 2 P, and organic matter in the laboratory. The fertilizer N and P requirements were based on the Thailand Research Fund recommendations generated in earlier projects, and the specific amounts are indicated in Table 1 . The form of K fertilizer was muriate of potash (0-0-60 These equations are very similar to those published by Vilela and Ritchey (1985) .
2002. OAc pH 7 (Knudsen et al., 1982) .
. Wet oxidation (Walkley and Black, 1934 ).
Bray 2 (Bray and Kurtz, 1945) .
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Grain moisture was measured and yields were adjusted to 15% moisture for all experiments. Plant spacing was 75 Â 25 cm, giving a population of 53,333 plants ha j1 . The stover weight was adjusted for dry weight, and samples of the grain and stover were obtained for NPK analysis.
Experimental Design
A randomized complete block design with four replications was used for all the field experiments.
Statistical Analysis
Moisture-corrected yield response curves to the added K were fitted with linear response 
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YOST AND ATTANANDANA SOIL SCIENCE plateau based on the methods of Anderson and Nelson (1975) , using an algorithm proposed by Shuai et al. (2003) , as follows:
The fitting of this equation requires a nonlinear algorithm to estimate the parameters such as that available in SAS\ or as a user-defined equation in SigmaPlot\. As a result of fitting the equation, a numerical estimate of the node is obtained. This value is an estimate of the join point between the two straight lines of the linear response plateau model. The field estimate of the fertilizer K requirement was obtained from 
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the estimate of the coefficient node (Eq.
[2]). The same equation was used to estimate Kcritical when the yield was plotted versus the extractable K.
Computing Model Estimates of Key Coefficients From Field Experiments and Laboratory Data: Kcritical and BC K Estimating Kcritical From Field Results
The Kcritical levels were obtained by plotting maize yield versus the soil extractable K levels and fitting Eq. (2) to the data (Fig. 1, A-D ). Estimates of Kcritical were then compared with experimental yield (Fig. 2) . 
Buffer Coefficients
Buffer coefficients were estimated using the laboratory incubation method suggested by McLean and Watson (1985) , with a reduction of time of incubation from seven weeks to two weeks. Preliminary comparisons indicated little change in the BC K with this reduction in incubation time.
The estimates of BC K from 18 representative soils were regressed on primary soil properties that typically affect soil K buffering capacity (Eq. [3]).
where CEC is the cation exchange capacity. This equation was used to predict the BC K for 46 soil series (data not shown).
Comparison of Site-specific K Recommendations
With K Methods Currently in Use The K model predictions were then com- where Yield is maize yield from the field experiments corresponding to the levels of fertilizer K (FertK) and exchangeable K (ExchK). 
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Equation (4) has been rearranged from the classic Mitscherlich-Bray equation, which, when written in log form, is as follows:
or in standard form:
To provide the specific yield required for Eq. (5) that reflected the differing regional yields, a regional yield corresponding to 87% of the maximum in the province was used (Thailand Department of Agriculture, Meesawat, personal communication, 2004) . Equation (6) was fit to data from the Pak Chong soil series, a widely used soil for maize production, and the amount of fertilizer K was calculated for varying levels of exchangeable soil K. These values are the basis for all current K fertilizer recommendations, which assume that the yield Gill and Kamprath (1990) . Inverted triangle indicates Kcritical values determined from Indonesian field experiments (Gill, 1988) ; normal triangle, Kcritical values determined from Vilela and Ritchey (1985) experiments in Brazil; and square, the Kcritical levels determined from this set of experiments in Thailand (denoted by TA in the figure).
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RESULTS AND DISCUSSION
Testing the Accuracy of the Prediction of K Response Although the K algorithm was proposed and testing began in 2002, it wasn't until 2004 that the field test of the prediction accuracy was successfully conducted. The testing of the K fertilizer predictions required a distinct response curve. The field tests performed in 2002 and 2003 indicated no net response to the application of fertilizer K. The lack of response seems to have occurred because the soil levels of K were similar to or greater than the critical levels ( Table 1) The 2004 response data provided a clear response to added K fertilizer in the sites that were selected with 40 mg K kg j1 or less and thus permitted testing the accuracy of fertilizer K prediction (Fig. 3) . The K fertilizer predictions by using the proposed K model were very similar to the K requirements found necessary in the Satuk soil (Fig. 3) . The K model slightly overpredicted the requirements for the Warin and Pusana soils. The K prediction model was again tested in 2005 on three sites. Unfortunately, experiments were lost at two sites because of the serious drought. Results from the third site, Nakon Sawan, on the Ban Pai soil series indicated that maximum response occurred at 41 kg K ha j1 , whereas the K prediction model predicted that 47 kg K ha j1 would be needed (Fig. 4 ). The K model predictions were also compared with several published results (e.g., a study of K fertilizer requirements conducted in Indonesia by Gill and Kamprath [1990] ) (Fig. 5) . The results indicated that K model predictions of K fertilizer requirement were similar to those obtained from response curves from field studies (data not shown). When the locally determined K critical values were used in the model described in Eq. (1) (i.e., those determined for the Sitiung site in Indonesia), the Ã CEC/% clay indicates the ratio of CEC to the % clay, used in detecting clay activity. . BC K s estimated by laboratory incubation using the method of McLean et al. (1982) .
-All soil series are in the isohyperthermic temperature regime.
predictions of the proposed model were even closer (Fig. 5 ).
Testing Model Predictions of the Coefficients
Kcritical and the BC K The proposed K equation (Eq. [1]) includes coefficients reflecting both crop and soil status. The crop yield is reflected in the term Biomass and the K content of the crop is reflected in the parameter (Kpercentage). Kpercentage was estimated from field measurements of biomass K concentration and, because only grain was removed from the field, a constant value was used in these experiments (0.5%K). Two coefficients, soil K critical level (Kcritical) and the BC K quantify the reactivity of the soil to fertilizer K. The first coefficient indicates the amount of extractable K above which further yield increases will not occur, whereas the BC K relates the K increases in extractable K to the amount added.
K critical level. Soil K status was measured before and after the cropping of the factorial experiments at the three field sites to estimate the changes in extractable K as a result of cropping and for testing of the coefficients. The K critical levels were estimated from soil samples obtained before harvesting and varied from 27 to 53 kg K ha j1 (Fig. 1) . The K critical level was regressed on yield and the results indicated a highly significant linear relationship (Eq. [7] ).
Thus, a soil with yield of 5000 is predicted to have a Kcritical of 45 mg kg j1 . These results suggest that K critical levels need to be adjusted upward for increasing crop yield levels.
K buffer coefficients. Preliminary field estimates of BC K s were obtained from field studies performed in 2002 and ranged from 0.7 to 0.9 (Table 2) . Field estimates were also attempted in 2003 and 2004; however, the results were quite variable and laboratory incubations of the soils were used instead for BC K estimates. A more extensive comparison was developed using laboratory incubations according to the method of McLean et al. (1982) . Laboratory BC K s of the 10 most important soils of the maize-producing region of Thailand are shown in Table 3 . The values obtained of the 10 soils varied from 0.21 to 0.72 in 2003. Table 4 shows the K prediction of the three soils that we have tested in a field. We can see that the K fertilizer recommendation varies with the grain yield and the critical level. Thus, the K prediction will be different for different soil series and different locations. We tested the K response on Satuk soil in the field and found that maize responded to 53 kg K ha j1 with the grain yield of 5549 kg ha j1 . The predicted K fertilizer (Kreq) for Satuk soil was 46 kg K ha j1 with 5549 kg ha j1 of grain yield, which was very close to the field test results. In the case of the Pusana and the Warin soils, the estimates were about 10 kg K ha j1 higher than the field-determined requirement (Fig. 3) .
Testing of the Site-specific K Prediction With the Current Mitscherlich-Bray Estimates The testing and comparison of the proposed K site-specific nutrient management algorithm with the current method (Mitscherlich-Bray; Eq. 3) was conducted by comparing K fertilizer predictions with field-determined K response curves as illustrated in Fig. 3 . The current method recommends 
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YOST AND ATTANANDANA SOIL SCIENCE a blanket application of K with each soil test K level, but no adjustments for soil series or crop yield. For the soils of this study, the predictions of the Mitscherlich-Bray equation were the same for all soil series: 62 kg K ha j1 for low-K soils. The results of the testing and comparison indicate that the prediction using the current MitscherlichBray method was 9 kg K ha j1 higher than the field-determined K requirement for the Satuk soil, but was nearly 40 kg K ha j1 too much for the Warin and about 20 kg ha j1 too much for the Pusana soil (Fig. 3) .
Summary and Conclusions
The proposed K model was field-tested in two ways: (i) Predictions of K fertilizer requirement were compared with field-based estimates of K requirement developed from response curves. The results indicated that sitespecific nutrient management, as implemented using the K algorithm, provides accurate estimates of K fertilizer requirements. (ii) Testing the site-specific K prediction with the current Mitscherlich-Bray estimates indicated that the site-specific K prediction was more accurate. The algorithm has been incorporated into the PDSS software for use and further testing. The remaining work to be performed includes testing the algorithm with soils of high K sorption/fixation capacity, testing with crops that have high K requirements, the incorporation of a leaching loss estimate into the model, and further testing in differing regions and locations in the tropics.
